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Glazier et al., Science 298:2345-9, 2002



Association is much more 
powerful than linkage to identify 
common susceptibility variants

N. Risch and K. Merikangas
Science 273: 1516-1517, 1996

(As long as you’re looking 
for common alleles)



But until recently, association 
studies have only been practical 

when a candidate gene was 
suspected

-- and usually we’re not smart 
enough to pick the right candidates



Sequence from chromosome 7
GAAATAATTAATGTTTTCCTTCCTTCTCCTATTTTGTCCTTTACTTCAATTTATTTATTTATTATTAATATTATTATTTTTTG 
AGACGGAGTTTCACTCTTGTTGCCAACCTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCACACTCCGCTTTCC/TGG 
TTTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGTCACACACCACCACGCCCGGCTAATTTTTG 
TATTTTTAGTAGAGTTGGGGTTTCACCATGTTGGCCAGACTGGTCTCGAACTCCTGACCTTGTGATCCGCCAGCCTCT 
GCCTCCCAAAGAGCTGGGATTACAGGCGTGAGCCACCGCGCTCGGCCCTTTGCATCAATTTCTACAGCTTGTTTTCTT 
TGCCTGGACTTTACAAGTCTTACCTTGTTCTGCCTTCAGATATTTGTGTGGTCTCATTCTGGTGTGCCAGTAGCTAAAA 
ATCCATGATTTGCTCTCATCCCACTCCTGTTGTTCATCTCCTCTTATCTGGGGTCACA/CTATCTCTTCGTGATTGCATTC 
TGATCCCCAGTACTTAGCATGTGCGTAACAACTCTGCCTCTGCTTTCCCAGGCTGTTGATGGGGTGCTGTTCATGCCT 
CAGAAAAATGCATTGTAAGTTAAATTATTAAAGATTTTAAATATAGGAAAAAAGTAAGCAAACATAAGGAACAAAAAG 
GAAAGAACATGTATTCTAATCCATTATTTATTATACAATTAAGAAATTTGGAAACTTTAGATTACACTGCTTTTAGAGAT 
GGAGATGTAGTAAGTCTTTTACTCTTTACAAAATACATGTGTTAGCAATTTTGGGAAGAATAGTAACTCACCCGAACA 
GTGTAATGTGAATATGTCACTTACTAGAGGAAAGAAGGCACTTGAAAAACATCTCTAAACCGTATAAAAACAATTACA 
TCATAATGATGAAAACCCAAGGAATTTTTTTAGAAAACATTACCAGGGCTAATAACAAAGTAGAGCCACATGTCATTT 
ATCTTCCCTTTGTGTCTGTGTGAGAATTCTAGAGTTATATTTGTACATAGCATGGAAAAATGAGAGGCTAGTTTATCAA 
CTAGTTCATTTTTAAAAGTCTAACACATCCTAGGTATAGGTGAACTGTCCTCCTGCCAATGTATTGCACATTTGTGCCC 
AGATCCAGCATAGGGTATGTTTGCCATTTACAAACGTTTATGTCTTAAGAGAGGAAATATGAAGAGCAAAACAGTGCA 
TGCTGGAGAGAGAAAGCTGATACAAATATAAATGAAACAATAATTGGAAAAATTGAGAAACTACTCATTTTCTAAATT 
ACTCATGTATTTTCCTAGAATTTAAGTCTTTTAATTTTTGATAAATCCCAATGTGAGACAAGATAAGTATTAGTGATGGT 
ATGAGTAATTAATATCTGTTATATAATATTCATTTTCATAGTGGAAGAAATAAAATAAAGGTTGTGATGATTGTTGATTA 
TTTTTTCTAGAGGGGTTGTCAGGGAAAGAAATTGCTTTTTTTCATTCTCTCTTTCCACTAAGAAAGTTCAACTATTAATT 
TAGGCACATACAATAATTACTCCATTCTAAAATGCCAAAAAGGTAATTTAAGAGACTTAAAACTGAAAAGTTTAAGATA 
GTCACACTGAACTATATTAAAAAATCCACAGGGTGGTTGGAACTAGGCCTTATATTAAAGAGGCTAAAAATTGCAATA 
AGACCACAGGCTTTAAATATGGCTTTAAACTGTGAAAGGTGAAACTAGAATGAATAAAATCCTATAAATTTAAATCAA 
AAGAAAGAAACAAACTA/GAAATTAAAGTTAATATACAAGAATATGGTGGCCTGGATCTAGTGAACATATAGTAAAGA 
TAAAACAGAATATTTCTGAAAAATCCTGGAAAATCTTTTGGGCTAACCTGAAAACAGTATATTTGAAACTATTTTTAAA

Three single nucleotide polymorphisms (SNPs) are present



Diabetic Diabetic

Unaffected Unaffected

SNP A SNP B



“Whole Genome Association” 
Approach to Common Disease: 

The View from 2002
• Identify all 10 million common SNPs
• Collect 1000 cases and 1000 controls
• Genotype all DNAs for all SNPs
• That adds up to 20 billion genotypes
•• At 50 cents a genotype, thatAt 50 cents a genotype, that’’s $10 billion for s $10 billion for 

each disease each disease –– completely out of the questioncompletely out of the question



Sequence from chromosome 7
GAAATAATTAATGTTTTCCTTCCTTCTCCTATTTTGTCCTTTACTTCAATTTATTTATTTATTATTAATATTATTATTTTTTG 
AGACGGAGTTTCACTCTTGTTGCCAACCTGGAGTGCAGTGGCGTGATCTCAGCTCACTGCACACTCCGCTTTCC/TGG 
TTTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGTCACACACCACCACGCCCGGCTAATTTTTG 
TATTTTTAGTAGAGTTGGGGTTTCACCATGTTGGCCAGACTGGTCTCGAACTCCTGACCTTGTGATCCGCCAGCCTCT 
GCCTCCCAAAGAGCTGGGATTACAGGCGTGAGCCACCGCGCTCGGCCCTTTGCATCAATTTCTACAGCTTGTTTTCTT 
TGCCTGGACTTTACAAGTCTTACCTTGTTCTGCCTTCAGATATTTGTGTGGTCTCATTCTGGTGTGCCAGTAGCTAAAA 
ATCCATGATTTGCTCTCATCCCACTCCTGTTGTTCATCTCCTCTTATCTGGGGTCACA/CTATCTCTTCGTGATTGCATTC 
TGATCCCCAGTACTTAGCATGTGCGTAACAACTCTGCCTCTGCTTTCCCAGGCTGTTGATGGGGTGCTGTTCATGCCT 
CAGAAAAATGCATTGTAAGTTAAATTATTAAAGATTTTAAATATAGGAAAAAAGTAAGCAAACATAAGGAACAAAAAG 
GAAAGAACATGTATTCTAATCCATTATTTATTATACAATTAAGAAATTTGGAAACTTTAGATTACACTGCTTTTAGAGAT 
GGAGATGTAGTAAGTCTTTTACTCTTTACAAAATACATGTGTTAGCAATTTTGGGAAGAATAGTAACTCACCCGAACA 
GTGTAATGTGAATATGTCACTTACTAGAGGAAAGAAGGCACTTGAAAAACATCTCTAAACCGTATAAAAACAATTACA 
TCATAATGATGAAAACCCAAGGAATTTTTTTAGAAAACATTACCAGGGCTAATAACAAAGTAGAGCCACATGTCATTT 
ATCTTCCCTTTGTGTCTGTGTGAGAATTCTAGAGTTATATTTGTACATAGCATGGAAAAATGAGAGGCTAGTTTATCAA 
CTAGTTCATTTTTAAAAGTCTAACACATCCTAGGTATAGGTGAACTGTCCTCCTGCCAATGTATTGCACATTTGTGCCC 
AGATCCAGCATAGGGTATGTTTGCCATTTACAAACGTTTATGTCTTAAGAGAGGAAATATGAAGAGCAAAACAGTGCA 
TGCTGGAGAGAGAAAGCTGATACAAATATAAATGAAACAATAATTGGAAAAATTGAGAAACTACTCATTTTCTAAATT 
ACTCATGTATTTTCCTAGAATTTAAGTCTTTTAATTTTTGATAAATCCCAATGTGAGACAAGATAAGTATTAGTGATGGT 
ATGAGTAATTAATATCTGTTATATAATATTCATTTTCATAGTGGAAGAAATAAAATAAAGGTTGTGATGATTGTTGATTA 
TTTTTTCTAGAGGGGTTGTCAGGGAAAGAAATTGCTTTTTTTCATTCTCTCTTTCCACTAAGAAAGTTCAACTATTAATT 
TAGGCACATACAATAATTACTCCATTCTAAAATGCCAAAAAGGTAATTTAAGAGACTTAAAACTGAAAAGTTTAAGATA 
GTCACACTGAACTATATTAAAAAATCCACAGGGTGGTTGGAACTAGGCCTTATATTAAAGAGGCTAAAAATTGCAATA 
AGACCACAGGCTTTAAATATGGCTTTAAACTGTGAAAGGTGAAACTAGAATGAATAAAATCCTATAAATTTAAATCAA 
AAGAAAGAAACAAACTA/GAAATTAAAGTTAATATACAAGAATATGGTGGCCTGGATCTAGTGAACATATAGTAAAGA 
TAAAACAGAATATTTCTGAAAAATCCTGGAAAATCTTTTGGGCTAACCTGAAAACAGTATATTTGAAACTATTTTTAAA

Are the SNPs correlated with their neighbors?



These three SNPs could theoretically 
occur in 8 different haplotypes

…C…A…A…
…C…A…G…
…C…C…A…
…C…C…G…
…T…A…A…
…T…A…G…
…T…C…A…
…T…C…G…



But in practice, 
only two are observed

…C…A…A…
…C…A…G…
…C…C…A…
…C…C…G…
…T…A…A…
…T…A…G…
…T…C…A…
…T…C…G…



~ 20 kb



International HapMap Consortium:
Canada, China, Japan, Nigeria,
United Kingdom, United States



Presenter
Presentation Notes
Main text fig 10



“Whole Genome Association” 
Approach to Common Disease 

in the HapMap Era
• Identify an optimum set of 300,000 tag SNPs
• Collect 1000 cases and 1000 controls
• Genotype all DNAs for all SNPs
• That adds up to 600 million genotypes
•• This would still be too expensive if a genotype cost This would still be too expensive if a genotype cost 

$0.50, but there have been other developments$0.50, but there have been other developments……....



Costs of Large Scale SNP 
Genotyping Have Come Down by 

More Than 100-fold in 4 Years

• Affymetrix 100K -> 500K
• Illumina 100K -> 317K -> 550K
• Perlegen (in house only)



250 ng genomic DNA Restriction 
Enzyme  

Digestion

Adaptor 
Ligation

Affymetrix GeneChip® Mapping Assay Overview

Nsp NspNsp

Fragmentation
and Labeling

PCR: One Primer 
Amplification

Complexity 
Reduction

AA BB AB

Hyb & Wash

Kennedy et al, Nature Biotech, 2003
Matsuzaki et al, Genome Research, 2004
Matsuzaki et al, Nature Methods, 2004

Presenter
Presentation Notes
The Mapping assay begins with only 250 ng genomic DNA.  
It is digested with a restriction enzyme, such as XbaI and we are going to get a whole range of sizes 
We ligate a common set of adaptors, which will ligate to all the size fragments.  
Next, a PCR step is optimized to only amplify fragments in the 250-1000 bp range (as shown in red in the first fragment).
Followed by fragmentation, labeling, and hybridizatoin on the same platform used for expression analysis.
We have selected our SNPs from the TSC database based on their presence in this “Xba” fraction of the genome.  (see next few)



Illumina Infinium Chemistry  

BeadChip

Captured human gDNA

detectable labels
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AREDS 100K Quality Comparisons (CIDR)
Affymetrix 100K 
BRLMM

Illumina Human-1

# loci attempted 116,190 109,365
# chips/sample 2 1
# samples attempted 633 630
# samples dropped 87 7
Redo required 14% 5.2%
Call rate 99.5% 99.8%
Reproducibility 99.85% 99.997%
Mendelian consistency rate 
(trios)

99.54% 99.995%

HapMap concordance 99.75% 99.64%

Provided by Kim Doheny, CIDR
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CEU, mean 0.87 median 0.97

CHB+JPT, mean 0.81 median 0.94

YRI, mean 0.58 median 0.55

CEU, mean 0.93 median 1

CHB+JPT, mean 0.91 median 1

YRI, mean 0.75 median 0.87

HumanHap300

HumanHap550

Coverage of Phase I and Phase II Hapmap loci with MAF > 0.05:
Illumina HumanHap300 and HumanHap550 by Population

Provided by Sarah Murray, Illumina



Other Important Issues In 
Designing An Association Study

• Quality of phenotypes



Other Important Issues In 
Designing An Association Study

• Quality of phenotypes
• Power estimates



Source: Wang et al., Nature Reviews Genetics, 2005
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Other Important Issues In 
Designing An Association Study

• Quality of phenotypes
• Power estimates
• Staged design





www.sph.umich.edu/csg/abecasis/C
aTS

http://www.sph.umich.edu/


Other Important Issues In 
Designing An Association Study

• Quality of phenotypes
• Power estimates
• Staged design
• Possibility of stratification/mismatching





Other Important Issues In 
Designing An Association Study

• Quality of phenotypes
• Power estimates
• Staged design
• Possibility of stratification/mismatching
• Case-control vs. family-based



The First HapMap Success Story: 
Age-Related Macular Degeneration

Two other risk variants have
now been identified.

Together these account for 74%
of risk, and point to powerful
new approaches to prevention
and treatment.

Presenter
Presentation Notes
Several independent research groups representing NEI intramural scientists and extramural grantees have identified a common variant in complement factor H gene as a risk factor for developing AMD. 
The CFH gene is responsible for a protein that helps regulate inflammation in part of the immune system that attacks diseased and damaged cells. In certain patients with AMD, inflammation in the eyes may trigger a biological process leading to the disease. 
People whose genetic make-up includes a variant of the CFH gene are 7.4 times more likely to develop AMD. The study was based on whole genome analysis of participants from the NEI-sponsored Age-Related Eye Diseases Study, a major clinical study that closely followed nearly 5,000 patients with varying stages of AMD. 

These reports result from long term NIH investments in generating state-of-the-art research tools and reagents through the Human Genome Project and genetic initiatives supported by the NEI.



This result has been already confirmed
by multiple groups in diverse populations

HapMap leads to a new diabetes gene discovery



Association of DG8S737 “Allele – 8”
with Prostate Cancer

Iceland

Sweden

Chicago (European)

Michigan (African-American)

Cases

0.078

0.079

0.041

0.161

1.77

1.38

2.10

1.60

2x10-8

4x10-3

3x10-3

2x10-3

0.131

0.101

0.082

0.234

Controls OR P-value

Amundadottir et al., Nature Genetics 38:652-8, 2006

Allele Frequency



Single
common allele

Multiple
rare alleles

Mendelian

Polygenic
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LINKAGE
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Polygenic
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ASSOCIATION



ASSOCIATION

Single
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rare alleles
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Polygenic



Single
common allele

Multiple
rare alleles

Mendelian

Polygenic

SEQUENCING



SEQUENCING

Single
common allele

Multiple
rare alleles

Mendelian

Polygenic



Science 305: 869-872, 2004

< >



NHGRI Sequencing Budget and Annual Sequencing Capacity
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Medical Sequencing 
Opportunities

• Mendelian conditions
– Rare diseases with wide linkage region
– X-linked conditions

• Common diseases and quantitative traits
– Convincing linkage region but no association
– Attractive candidate genes

• Somatic mutations and cancer



454 Sequencing Instrument

1) Prepare Adapter Ligated ssDNA Library

2) Clonal Amplification 
on 28 µ beads

4) Perform Sequencing by synthesis
on the 454 Instrument

3) Load beads and enzymes 
in PicoTiter Plate™



Solexa: Clonal Single Molecule Arrays™

~1000 molecules per ~ 1 um cluster 
~1000 clusters per 100 um square
~40 million clusters per experiment

Prepare DNA 
fragments

Ligate adapters Attach single molecules to surface
Amplify to form clusters

Random array of clusters

100um



As for the future, your task
is not to foresee, but to
enable it.

Antoine de Saint-Exupery
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